I. INTRODUCTION
ECTORIZATION techniques are widely used in cellu-S lar systems to reduce co-channel interference (CCI) by means of directional antennas. Because of the reduced interference, sectored cellular systems can allow a more efficient frequency reuse plan. This paper analyzes and compares two different approaches to sectorization, one a traditional, well-studied approach and the other a newer, less-studied approach.
The traditional approach, using a so-called wide-beam tri-sector (WBTC) architecture, is shown in Fig. 1 . A WBTC uses three 100' -120' antennas. The figure also
shows some actual antenna pattern contours [4] overlaid on the hypothetical sector boundary. We observe two potential drawbacks of the WBTC architecture. First, side-lobe levels (i.e., gains at angles larger than the HPBW) are significant in adjacent sectors. This may cause severe adjacent channel interference in the same cell and co-channel interference in other cells. Second, the corners of the hexagon at the boundary between two sectors of a cell may not be well covered. For this example, we assume a reuse factor of N = 3 for both cases. To use the same cell sites, the following relation for the cell radii of the two systems is obtained:
where RI and R2 are the radii of an NBTC and a WBTC, respectively. To maintain the same received signal strength at the farthest points of an NBTC and a WBTC with the same transmitting power, the base station in an NBTC system needs about 2.5 dB higher antenna gain, according to
(1) and assuming a path loss exponent of 7 = 4. This requirement is easily met because most directional antennas with around 60 degree HPBW have 2 dB higher antenna gain than antennas with around 100 degree HPBW. Therefore, we see intuitively that the NBTC system can have better performance than the WBTC system without extra infrastructure costs. However, detailed performance studies of NBTC systems are lacking in the literature. Even for WBTC systems, most papers assume ideal antenna and ideal cell site locations. This paper presents new results on the quantitative performance of NBTC and WBTC systems, taking into account the impact of actual radio patterns of directional antennas and location variations of the cell sites. Furthermore, we address several important issues associated with the effects of shadowing, cell loading, and site diversity.
PROPAGATION MODEL
The propagation model we consider in this paper accounts for the median path loss and the long-term shadowing.
The median path loss is modeled as:
where Pmed denotes the median path loss; Pt denotes the transmit power; d is the distance between the transmitter and the receiver; G(0) is the composite transmit-receive antenna gain at angle 0 from the main-beam direction; y is the path loss exponent; and C is a constant that includes the effects of antenna heights, terrain type, etc. The statistical variation of the mean path loss about this median due to shadowing is assumed to be log-normal. In
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where the shadowing spread u is typically in the range 6 -
SIR PERFORMANCE
A . Performance Criteria fined to be
This function gives the reliability of service at each possible value of signal-to-interference ratio (SIR), i.e., the fraction of the coverage area over which the SIR exceeds that value. If, for a given air interface, the required (or threshold) value for good reception is SIRth, then P(SIRth) is the coverage probability, or reliability, for that interface,
and [l -P(SIRth) ] is the outage probability. Let SIR90 denote the value of S/I exceeded 90 percent of the time over the coverage area, i.e., P(SIR90) = 0.9. Then, a reliability of 90 percent or more (outage probability of 10 percent or less) is achieved for a given cellular design if
B. Simulation Model
Evaluation of the coverage probability is analytically intractable. Therefore, we use a simulation platform, invoking the following assumptions and conditions:
1. We consider only the base-to-mobile (downlink) direction. In most cases, this is the performance-limiting direction [ 5 ] , [6] and therefore sufficient for study purposes. This is because the uplink benefits relative to the downlink by virtue of both diversity reception and power control.
2.
In conformity with current practice in FDMA and TDMA systems, we do not consider downlink power control.
3.
The user locations are randomly generated from a uniform distribution over the service area. 4. The shadow fading components from different bases to a mobile are assumed to be mutually independent. In reality, this may not always be true, since local shadowing for a given user location can affect its paths to all base stations. Some studies have addressed this issue of correlated log-normal fading [7] , but the present one does not. On intuitive grounds, we can say that this will make our computed SIR statistics slightly pessimistic. 5. We consider only the first-tier co-channel interferers to simplify the simulations. On average, the total interference from'the second tier is 10 dB or more below that from the first tier, and so can be either ignored or accounted for via simple adjustments.
The coverage probability or reliability function, is de-
o-7803-4320-4/98/$5.00 0 1998 IEEE 6. Initially, we evaluate a fully-loaded system, wherein all co-channel interferers in the first tier are simultaneously active. Later, we simulate more realistic environments wherein every interferer becomes active randomly, with a fractional utilization over time of p < 1.
7. Initially, our simulations assume that each user communicates with the nearest base, rather than the "best" one. Later, we add site diversity (which is more realistic), wherein each user is paired with the base supplying the strongest signal. By treating both cases, we will be able to quantify and compare the benefits of site diversity for WBTC and NBTC systems. 8. Initially, we assume all cell sites are located on an ideal hexagonal grid. Later, we randomly re-position all cell sites in the service area by distances up to 50 percent of a cell radius. This will enable us to quantify and compare the sensitivities of WBTC and NBTC systems to cell site variations. Our simulation platform, built upon the above assumptions and conditions, is used to conduct thousands of independent trials. The population of S/I-values so obtained is then used to compute P ( S I R ) , (4).
C. Numerical Results

C.l Baseline Case
We treat as the "baseline" case a system with full loading (all interferers active), no site diversity (each user terminal is linked to its nearest cell site), and an ideal cellular grid. We will move towards more realistic cases later, as we relax these conditions one-by-one. Figure 5 compares P ( S I R ) for NBTC and WBTC systems, and also shows the impact of the reuse factor ( N ) on performance1. With the baseline assumptions, it is clear that an NBTC system has better SIR performance. As a specific example, an NBTC system with N = 3 performs better than a WBTC system with N = 4.
C.2 Effects of Non-Ideal Antenna Patterns
Fig . 6 illustrates the impact of using an "ideal antenna" assumption to evaluate WBTC performance. It is seen that a WBTC design study based on ideal directional antennas may overestimate the SIR performance by as much as 3 dB .
C.3 Effects of Partial Loading
The utilization factor ( p ) depends on the number of channels served in the sector, the traffic statistics and the call blocking target. For reference, in an AMPS system with N = 7 and 3-sectored cells, p x 0.65 for a fully loaded sector with a call blocking target of 2%. Assuming all sectors in the system have a channel utilization equal to p , it follows that the average of the total received interference power is also scaled by p, and so a first-order approximation to SIR90 as a function of p is
%3.
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We have tested the above approximate model via our C.6 Sensitivity to Location Variation simulations. Figure 7 is a plot of SIR90 vs. p for both WBTC and NBTC systems with N = 3 and U = 6 dB.
The results predicted by ( 5 ) compare favorably with those from simulations over the range p 2 0.4. In general, we can say that ( 5 ) gives a useful worst case bound on the variation of SIR90 (or any other percentile) with p.
C.4 Effects of N and c Table I lists the 90-percentile values of SIR for different values of N and a. It is seen that, for a given N and a, an NBTC system improves SIR9,-, by 2.1 to 3.7 dB over a WBTC system, which can translate to a significant gain in system reliability. At the same time, these gains must be viewed with caution. They pertain to the baseline case where each cell site communicates only with terminals in its nominal service area, i.e., each terminal is linked with its nominal serving base rather than the "best" one. When we later add the realism of cell site diversity, we will see that the differences in Table I shrink by 1 -1.5 dB.
C.5 Effects of Site Diversity
For simplicity, we consider the fully-loaded case and assume that an ideal desired-power algorithm is used, i.e., only the desired-signal power levels are compared. Although the signal power measured by the mobile station is the summation of the desired signal and any cc-channel interference, the performance of the "total-power" algorithm is close to that of the desired-power algorithm for realistic values of SIR [8] . Figure 8 shows this performance with and without site diversity for both NBTC and WBTC systems, for N = 4 and o = 6 dB. Observe that the NBTC system outperforms the WBTC system both with and without site diversity. For the NBTC system with site diversity, the 90-percentile value of SIR is 1.5 dB better than that of the WBTC system; without site diversity, the performance difference is 2.5 dB. The SIR improvement may lead to an increase in system capacity. For example, if the SIR requirement is a 90-th percentile equal to 17 dB, then only the NBTC system is capable of using N = 4. Comparing the SIR performance of the two systems without site diversity (Table I ) and with site diversity (Table 11), we observe the following: (i) for the values of o and N considered, the site diversity gains range from around 0.9 dB to 6.2 dB for both systems; (ii) the larger the value of shadow fading standard deviation, the larger the site diversity gain; (iii) the site diversity gains are greater for the WBTC system; (iv) as a consequence, the improvements of NBTC systems over WBTC systems shrink, with site diversity, to values ranging from 1.2 dB to 3.2 dB; and (v) the improvement of NBTC systems over WBTC systems increases with shadow fading standard deviation and decreases with reuse factor.
0-7803-4320-4/98/$5.00 0 1998 EEE We model the location variation by assuming that each base lies within a circle of radius qR centered on its ideal location, where R is the cell radius and 77 is a parameter.
The position of each base within its permissible circle of radius qR is uniformly distributed in this circle. We obtain simulation results as 77 varies from 0 (ideal-grid case) to 0.5. Figures 9 and 10 show the SIR performances of the NBTC and WBTC systems for 77 = 0.2. In each figure, the nominal case corresponds to ideal cell site location, and the worst case refers to the worst observed performance over the 50 trials. We see that for 77 = 0.2, the maximum degradation of the 90-percentile value of the SIR, for either system, is less than 2 dB. Table I11 summarizes the sensitivity of the SIR performance to location variation in terms of the mean and the standard deviation, over the 50 trials, of the 90th-percentile SIR. Fkom the table, we see that: (i) for the values of considered, the mean performance of the NBTC system continues to be better than the mean performance of the WBTC system, even though the performance gap narrows from 1.4 dB to 0.8 dB as 77 increases from 0.1 to 0.5; (ii) the standard deviations (computed in the dB domain) of the SIR of the two systems are close for all values of 77, and increase as q increases. This phenomena also tends to narrow the performance gap between the two systems with increasing 77. Table IV lists the worst case 90th-percentile SIR over the 50 trials, for different values of 77. F'rom the table, we see that the worst case performance of the NBTC system continues to be better than that of the WBTC system, even though the performance gap narrows from 1.4 dB to 0.6 dB as 77 increases from 0.1 to 0.5; The table also lists the worst case performance degradation ("Loss") of either system as 7 varies from 0.1 to 0.5. We see from the table that for 7 = 0.5, the 90th-percentile SIR can be as much as 4.2 dB below the nominal value in an NBTC system, and as much as 3.2 dB below the nominal value in a WBTC system. Usually 77 = 0.1 -0.25 is the typical range [6], [9] .
IV. COVERAGE PERFORMANCE
A . Performance Criteria
Using the simulation platform discussed in Section 111, we also study the statistics of the user signal level throughout a service area. Our aim is to determine which system needs more transmit power to achieve a specified signal coverage.
To begin, the local mean received power can be written as
where lOlog(X) is a zero-mean Gaussian variate with standard deviation a, C and G(0) are in dB and P,. and Pt are in dBm. The last three terms are a function of the user, and so we lump them together as 726
For convenience only, we assume d is in km.
A typical performance requirement is that P, should fall below some minimum value, Po, for no more than some percentage, p , of the service area (i.e., p is the specified outage probability). Now let X , be the numerical value that X falls below at p percent of locations. Erom (6) and (7), it is then easy to see that the performance requirement will be met if P t 2 . P 0 -C -X p . ( 8 ) Clearly, the larger X , is, the less transmit power is needed. Thus, by finding the cumulative distribution function (CDF) of X for both systems, we can learn the differences in transmit power requirements for specified values of outage probability. Fig. 11 shows CDFs of X for both NBTC and WBTC systems for different values of CJ under the assumption of no site diversity. In general, NBTC systems have larger values of X than WBTC systems at the same probability level. Thus, NBTC systems require less transmit power. At the p = 10-percent level, the differences are typically 2.5 dB. The reason is mainly the higher antenna gain2 and also a better matching of the hypothetical sector shape with the actual sector contour in an NBTC system. We also note that required transmit power increases with U , as expected.
B. Numerical Results
B.l Effects of CJ
B.2 Effects of y
The impact of path loss exponent y is shown in Fig. 12 . Also as expected, we see that as y increases, X decreases, i.e., a higher transmission power is required. More important, we see that the improvement of NBTC systems over WBTC systems is roughly the same for different values of
7.
B.3 Effects of Site Diversity Figure 13 shows the effects of site diversity on the coverage performance for both systems. Observe that, with or without site diversity, at the p = 10-percent level, the NBTC system outperforms the WBTC system by around 2 dB. This improvement implies a decrease in the required transmit power; alternatively, assuming the same transmit power, it implies a larger cell coverage area, and therefore, a smaller number of cells for the NBTC system. Table V summarizes the coverage performances at the p = 10-percent level of the two systems with and without site diversity. We found that, for c7 = 4 N 10 dB, the coverage performance gain as a result of site diversity is almost the same for the two systems. Therefore, the table just includes one column for site diversity gain. The table also lists the difference in transmit power requirements 2For the antenna radiation patterns assumed, the NBTC antenna has 4 dB higher gain than the WRTC antenna 0-7803-4320-4/98/$5.00 0 1998 lEEE between the two systems. We observe the following: (i) for CT = 4 N 10 dB, the site diversity gains range from 1.5 dB to 7.0 dB for both systems, almost the same range as that for the corresponding SIR improvement; (ii) as may have been predicted, the larger the value of shadow standard deviation, the larger the site diversity gain; and (iii) just as for SIR, an NBTC system consistently outperforms a WBTC system, with the gain increasing from 2 dB to 3 dB as (r increases from 4 dB to 10 dB. For reference, if y = 4, then a 2.5 dB gain in transmit power translates to a 33% increase in cell area, or equivalently, to a 25% reduction in the number of base stations required to cover a given area.
V. CONCLUDING REMARKS
We have used Monte Carlo simulations t o assess two tri-sector cellular architectures: the traditional one using 100"-120" antenna beams (and called WBTC herein); and the newer clover-leaf architecture using 60" -70" beams (and called NBTC herein). For each, we have quantified the statistics of both downlink signal-to-interference ratio and received downlink signal power. In so doing, we have considered the effects of (1) channel utilization factor, (2) site diversity, (3) non-ideal cell site locations, and (4) the influences of reuse factor (N) and shadow fading standard deviation ( U ) . We have also examined to a limited extent, the effects of antenna pattern and the path loss exponent (7). Although we have not analyzed the uplink, we would expect the comparisons for the uplink to be close to those for the downlink.
We would like to point out that because of handoff hysteresis or call dragging, and also because of measurement errors, the performance results assuming site diversity are somewhat optimistic. Therefore, it is useful t o also present the performance results without site diversity, as we have done. On the other hand, because we did not include any fine tuning (altering the power settings, for example) in the study on site location variations, the results for this case are somewhat pessimistic. Notwithstanding these comments, we expect that the performance results obtained are representative of the two architectures, and especially so as concerns the comparison between them.
We conclude that NBTC system performance exceeds that of WBTC systems, both in SIR statistics and signal coverage. The improvement in coverage translates to a reduced power requirement of about 2 dB for the same cell size, or equivalently to a 25% larger cell coverage area (assuming y = 4) for the same power. The improvement in SIR performance corresponds to a gain (for typical values of (r) of 2 -3 dB in the 90th SIR percentile. Whether this gain can be exploited to increase reuse efficiency (and thus capacity) is not clear. It certainly can be translated to significantly improve grade-of-service in cellular environments, with no attendant cost.
rl II NBTC where N is reuse factor, U = 6 dB, and p = 1. 
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